The black grouse is a critically endangered species in Europe. Aviary breeding and re-introduction programs have contributed to the reinstatement of black grouse populations. Parasitic diseases can influence the species' behavior, choice of habitats, and survival rates. Protozoa of the genus Eimeria are the most prevalent parasites in black grouse. The aim of this study was to evaluate the effectiveness of toltrazuril (TOL) against Eimeria spp. in black grouse kept in an aviary. Eimeria spp. oocysts (mean OPG for all birds = 7,047.84; SD = 5,625.05) were detected in feces samples in a routine parasitological examination. Parasitic infections were treated with toltrazuril Baycox 2.5% (Bayer, Leverkusen, Germany) at 1 ml/1 l H 2 O administered per os with drinking water twice a day for 2 d, 12 h/24 h. High oocysts counts persisted upon the second parasitic examination. Therefore, the birds were divided into 3 groups in 3 existing aviaries. Toltrazuril was administered according to the same protocol, and its uptake with drinking water was monitored. A parasitological examination conducted 5 d later revealed the presence of parasites, and the TOL dose was increased to 3 ml/1 l H 2 O. When oocysts were detected in a successive exam, the TOL dose was further increased to 5 ml/1 l H 2 O. The increase in TOL dose did not eliminate parasites, therefore, the treatment was discontinued. The fecal egg count reduction test (FECRT) revealed that 1 ml of TOL reduced fecal oocysts counts (OPG) by 0.02%, the second application of the same TOL dose reduced OPG by 0%, 3 ml of TOL reduced OPG by 0%, and 5 ml of TOL reduced OPG by 65.7%. The applied doses of TOL did not induce significant differences in the fecal oocysts counts of any of the identified species of coccidia. The results indicate that the coccidia species infecting black grouse have natural resistance to TOL.
INTRODUCTION
The black grouse (Lyruris tetrix syn. Tetrao tetrix) is a critically endangered species in 11 European countries. The species is also listed in Annex 1 to the EU Birds Directive and was inscribed in the Polish Red Book of endangered animals (G lowaciński, 2001 ). Article 4 of the Birds Directive places all EU members are under the obligation to create special conservation zones for the species mentioned in Annex 1. The global population of black grouse is estimated at 8 to 14 million, of which 30% (2.45 to 4.08 million) inhabits Europe (Birdlife International, 2018) . Aviary breeding and re-introduction programs are conducted in Europe to preserve the biodiversity of habitats for the dwindling population of black grouse. Various factors contribute to the continued population decline of the species, including growing pressure from opportunistic predators (red fox), biotope fragmentation caused by changes in land use and forest management practices which decrease the variation in the age and structure of trees across extensive areas, as well as very high hunting pressure (del Hojo et al., 1994) . Re-introduction programs and breeding efforts have contributed to the gradual reinstatement of the black grouse population in Europe (Birdlife International, 2018) .
According to many authors, the size of the black grouse population is affected by food deficiency, stress, environmental pollution, infections, and parasites (Børset and Krafft, 1973; Foster, 1983; Högland et al., 1992; Baines, 1996) . Research has demonstrated that parasitic diseases influence the behavior and survival rates of wild Galliformes. They decrease bird activity, change their habitat preferences, and lower the reproductive abilities of females by disrupting carotenoid distribution in the body and altering ornament 4193 expression (Siitari et al., 2007) . Parasitic diseases can contribute to mortality by compromising host birds' health and making them more vulnerable to predation. Histopathological changes and damage to the gastrointestinal tract increase the volume of voided feces. Impaired intestinal function leads to changes in the chemical composition of feces and produces strong smelling feces. The prevalence of parasites in re-introduced populations can be influenced by heterozygosity, higher testosterone levels during the mating season, and the presence of wild Galliformes and humans (Gallazzi et al., 2000; Mougeot et al., 2005; Belleau, 2006; Isomursu et al., 2012) .
Parasitic diseases, including coccidioses caused by protozoa of the family Eimeriidae, genera Eimeria and Isospora, have not been widely investigated in wild Galliformes. Coccidia are ubiquitous in the environment, and they usually infect birds through food, water, litter, and direct contact with the carrier. Coccidia have a simple life cycle which involves an asexual and a sexual reproductive stage. The first stage of asexual reproduction is schizogony during which ingested parasites produce sporozoites that penetrate the host's endothelial cells or lamina propria cells. Inside host cells, sporozoites mature to trophozoites and first-generation schizonts surrounded by parasitic vacuoles. First-generation schizonts produce firstgeneration merozoites which damage cells. Merozoites reach the intestinal lumen, penetrate cells, and produce second-generation schizonts. The number of asexual generations varies across coccidia species. Sex cells are produced during the gametogony stage. Merozoites are produced at the end of schizogony, they penetrate cells and produce microgamonts and macrogamonts (sex cells). The microgamonts produce microgametes which fertilize the macrogamonts to form zygotes that are surrounded by the oocyst wall. The last stage of the reproductive cycle is sporogony. Oocysts are released from the host cells and are excreted with feces where they undergo sporulation. In oocysts, sporonts are divided into 4 sporocysts containing 2 sporozoites each (Eimeria spp.) or 2 sporocysts containing 4 sporozoites each (Isospora spp.) Sporozoites represent the invasive stage of the parasite. Coccidioses increase susceptibility to disease, impair digestion, and food absorption. Acute forms of infection are most frequently observed in young and severely infested birds. In routine diagnosis, oocysts are identified by floatation (Tomczuk et al., 2017; Carrera-Játiva et al., 2018; Ilić et al., 2018) . Effective treatment of coccidiosis in black grouse has not yet been developed. Published data not fully substantiate the claim that parasitic infections are the main cause of the observed decrease in black grouse populations (Moore, 2002; Siitari et al., 2007; Isomursu et al., 2008) . The existing literature merely provides information on changes in parasitic fauna which can influence the health of black grouse. These observations necessitate further research into the treatment of endoparasitic infections, including coccidiosis, in black grouse.
The aim of this study was to evaluate the effectiveness of toltrazuril against Eimeria spp. in black grouse bred in aviaries during re-introduction programs.
MATERIALS AND METHODS

Materials
In the spring of 2017, 10 g collective samples of fresh feces from each aviary were collected for a routine parasitological examination from black grouse bred in northern Poland. Samples included intestinal and cecal droppings. Each collective sample represented faeces from all individuals from the aviary. The birds used in the study hatched in sterile incubators. Black grouse were kept in 3 newly built aviaries, with 2 × 2 cm mesh screens that protect against other birds, on a dirt floor covered with grass. Before and during the experiment, the birds did not have direct contact with wild individuals. Aviary A was inhabited by 10 4-wk-old birds (5 ♂ and 5 ♀), aviary B-by 4 4-wk-old birds (2 ♂ and 2 ♀), and aviary C-by 3 3-wk-old birds (2 ♂ and 1 ♀). The average body weight at the beginning of the experiment was 300 to 350 g. The presence of Eimeria spp. oocysts was determined in feces samples by the Fülleborn floatation method, and the number of oocysts (OPG) and eggs (EPG) was calculated in 1 g of feces. Toltrazuril (TOL) Baycox 2.5% (Bayer, Leverkusen, Germany) was administered per os at 1, 3, and 5 ml/1 l H 2 O with drinking water twice a day for 2 d (12 h/24 h). The reasons for the lack of efficacy of TOL after the first administration were investigated. One of the possible reasons was the low uptake of the drug with drinking water. To address this problem, the birds were divided into 3 groups in 3 existing aviaries: group I-aviary A, group II-aviary B, and group III-aviary C. Toltrazuril was administered according to the same protocol, and its uptake with drinking water was monitored. Birds received always a certain amount of water, which was measured and exchanged every 24 h. Consumption of water in each aviary was approx. Samples were collected for 3 d before and after the treatment.
Black grouse were fed commercial pigeon feed supplemented with ant larvae, dry cranberries, and blackberries. Every day, drinking water was provided ad libitum in containers.
A male black grouse from group I died due to extensive injuries inflicted by a northern goshawk after receiving a 3 ml dose of TOL. The bird was subjected to a post-mortem analysis which involved the identification of Eimeria spp. oocysts to species level and the determination of OPG throughout the gastrointestinal tract. Digesta were sampled from different fragments of the digestive tract and impression smears with scrapping of intestinal mucosa were obtained for microscopic evaluation.
Methods
The presence of Eimeria spp. oocysts was determined in feces samples by the Fülleborn floatation method with the use of Darling's solution (50% saturated NaCl solution and 50% glycerol) (Gund lach and Sadzikowski, 2004) . Feces samples were homogenized, and 3 homogenate samples of 1 g each were centrifuged at 3,500 × g for 5 min. Each sample was divided into 3 specimens which were viewed under a light microscope at 400× and 1,000× magnification. Protozoa were identified to species level based on their morphological and morphometric characteristics with the use of the Olympus image analysis software. One hundred oocysts were measured for each coccidia species. The detected developmental forms were identified with the use of a parasitology atlas (Hendrix and Robinson, 2016) and scientific publications in Pubmed (Galli-Valerio, 1927; Yakimoff and Gousseff, 1936; Levine, 1953) . The number of oocysts/eggs per 1 g of feces was determined by the floatation method, and the number of developmental forms was determined in a counting chamber with McMaster technique (Anonymous, 1987) . Darling solution dilution factor was 1 g of feces in 10 g of solution.
Analysis of Parasite Resistance and Statistical Analysis
The fecal oocysts count reduction test (modified fecal egg count reduction test) (FECRT) revealed ≤70% (Global Index) reduction in egg counts in feces, which is indicative of drug resistance (Stephan et al. 1997) . Oocysts counts were determined with the use of the Shiny-eggCounts application (http://shiny.math.uzh.ch/user/furrer/shinyas/ shinyegg-Counts/).
The efficacy of TOL administered at various doses to different groups of birds was analyzed statistically in Statistica 13.1 for Windows. Bartlett's test for homogeneity of variance, analysis of variance for repeated measures (ANOVA), and Tukey's HSD test for multiple comparisons were used at P ≤ 0.05.
RESULTS
Coccidia oocysts were detected (mean OPG for all birds = 7,047.84; SD = 5,625.05; V = 134.18), and toltrazuril (TOL) Baycox 2.5% (Bayer, Leverkusen, Germany) was administered per os at 1 ml/1 l H 2 O with drinking water twice a day for 2 d (12 h/24 h). The administered TOL dose was equivalent to the recommended dose for laying hens. the TOL dose was further increased to 5 ml/1 l H 2 O. The increase in TOL dose did not eliminate parasites (mean OPG for all birds = 31,656.86; SD = 27,845.55; V = 46.38), therefore, the treatment was discontinued.
Eimeria lyruri (≈80%), measuring 23.8 × 13.9 μm (SD = 0.4 × 0.2), was the predominant coccidia species. The presence of E. nadsoni (≈15%), measuring 19.6 × 19.3 μm (SD = 0.2 × 0.3), and E. nonbrumpti (≈5%), measuring 18.5 × 18.4 μm (SD = 0.4 × 0.2), was also determined. There were no statistically significant differences in the percentage composition of Eimeria species after treatment. Bartlett's test for homogeneity of variance produced the following results: X 2 = 1.059, df = 2, and P-value = 0.589 before treatment; and X 2 = 1.87, df = 2, and P-value = 0.39 after treatment. The analysis of variance produced statistically significant results (df = 1, F-statistic = 451.79, P-value = 0.00023). Oocyst counts were significantly influenced by treatment (df = 3; F-statistic = 58.42; P-value = 0.0036) and the birds' age (df = 2; F-statistic = 21.62; P-value = 0.016). The effect size was η 2 = 0.98 for TOL dose and η 2 = 0.93 for age. In group I, a significant decrease in OPG was noted in response to TOL doses of 1 ml (P-value = 0.00058), 3 ml (P-value = 0.002), and 5 ml (P-value = 0.019). In group II, OPG decreased significantly after the administration of TOL doses of 1 ml (P-value = 0.00062), 3 ml (P-value = 0.012), and 5 ml (P-value = 0.001). In group III, a significant decrease in OPG was observed in response to TOL doses of 1 ml (P-value = 0.00068), 3 ml (P-value = 0.0072), and 5 ml (P-value = 0.0012) ( Table 1) .
The FECRT test revealed that 1 ml of TOL decreased OPG by 0.02% after the first administration and by 0% after the second administration. The 3 ml dose of TOL reduced OPG by 0%, whereas the 5 ml dose of TOL led to a 65.7% decrease in OPG. Toltrazuril did not induce significant differences in the fecal oocysts counts of any of the identified species of coccidian (Figures 1 to 4) .
A parasitological examination performed postmortem revealed that E. lyruri was the predominant species in all sections of the gastrointestinal tract with the highest OPG value (54,480) in the cecum. Individual H. meleagridis flagellates and H. gallinarum eggs were also detected (Table 2) .
DISCUSSION
Toltrazuril is considered to be one of the most effective drugs for treating coccidia infections in various bird species. Since 1984, TOL has been regarded as a drug with broad-spectrum anticoccidial and antiprotozoal activity (Haberkorn, 1984; Mehlhorn et al., 1988) . The first cases of TOL resistance in coccidia were reported in 1990 (Vertommen et al., 1990; Ziomko et al., 1992; Haberkorn, 1994; Greif et al., 1996) . The coccidiocidal activity of TOL is not affected by the severity of infection, and the drug exerts coccidiocidal effects by disrupting nuclear division and the activity of mitochondria which are responsible for respiratory processes in parasitic cells. Toltrazuril is a broad-spectrum drug, and it is highly effective in eliminating various species of avian coccidia, including field isolates and strains (Mathis et al. 2004; Michalczyk et al., 2011; Sokó l et al., 2013 Sokó l et al., , 2014 .
In birds, coccidiosis proceeding without visible clinical symptoms can induce changes in the serum biochemical profile, which indicates that coccidia cause damage to gastrointestinal tissues. Sokó l et al. (2015) demonstrated significantly lower aspartate aminotransferase activity and higher lactate dehydrogenase activity in infected birds, and found that toltrazuril contributed to the regeneration of gastrointestinal tissues. The cited authors also reported a minor increase in cholesterol levels. Similar results were noted in birds infected with bacteria, including Escherichia coli (Koynarski et al., 2010) . These findings indicate that gastrointestinal infections influence overall health and could increase the host's susceptibility to secondary diseases. Infections can significantly decrease the success of bird re-introduction programs. In this study, TOL was administered to improve the overall health of black grouse infected with coccidia.
Drug resistance is generally defined as the lack of therapeutic efficacy in the treatment of coccidiosis or changes in susceptibility to treatment. Various methods are used to measure drug resistance. In most cases, drug resistance is defined as the decrease in a pathogen's sensitivity to a given drug. According to the definition proposed by the World Health Organization (1965), drug resistance is the ability of parasites to survive and/or multiply despite the administration of a drug in doses equal to or higher than those usually recommended, but within the limits of tolerance of the host. The toltrazuril-resistance of coccidia observed in this study is consistent with the above definition.
There are not published data on drug resistance in coccidia infecting wild birds, including black grouse. The clinical and subclinical potential of coccidiosis is difficult to determine because the protozoa are routinely observed in young birds (Mathis , 2004) . According to Kubiak and Forbes (2011) , drug-resistant coccidia are rarely noted in wild (predatory) birds. Toltrazuril-resistant has been identified in several species of coccidia (Conway and McKenzie, 2007) . Shrestha et al. (2017) identified TOL-resistant field strains of Cystoisospora suis in piglets. Stephan et al. (1997) in broilers reported on the high prevalence of Eimeria spp. field strains resistant to coccidiostats (9 out of 10), most of which were resistant to multiple drugs. In the cited study, only one isolate was characterized by cross-resistance between diclazuril and toltrazuril (Stephan et al., 1997) .
According to some authors, continued administration of TOL to birds and other animal species does not induce resistance to the drug (Vertommen et al., 1990; Mundt et al., 2007; Veronesi et al., 2011 ). Voeten (1993 demonstrated that even half the recommended dose of TOL did not contribute to the development of resistance in poultry. In the present study, the administration of different doses of TOL was unlikely to induce resistance. Black grouse had not been medicated and had no contact with other birds before the experiment, which points to the presence of natural resistance in the identified Eimeria spp. Natural resistance to TOL is a characteristic feature of the detected species of coccidia. In coccidia, natural resistance to TOL can be triggered by changes or random errors in the DNA sequence.
A comparative study of wood grouse in Finland demonstrated that captive birds bred for reintroduction differed significantly from their wild counterparts in lung capacity and heart size, and were characterized by a longer digestive tract, mainly the cecum, with specialized gut microbiota capable of degrading cellulose and lignin and digestion of conifer needles (Liukkonen-Anttila et al., 2000) . In our study, the highest E. lyruri counts were observed in the cecum. In captive black grouse, a longer cecum could significantly increase the extent and severity of coccidia infections. Parasitoses can increase mortality rates among re-introduced animals by making them more vulnerable to predation. Foraging predators often select diseased and weaker individuals, and according to Temple (1987) , infested animals belong to this category. Parasitic infections decrease animal activity levels (Poulin, 1994a (Poulin, , 1994b . Histopathological changes and damage to the gastrointestinal tract increase the volume of voided feces. Impaired intestinal function leads to changes in the chemical composition of feces and produces strong smelling feces that attract predators. In a study by Hudson et al. (1992) , red grouse infected with parasites were more easily detected by hunting dogs than healthy birds. According to Isomursu et al. (2008) , tapeworms infections increase mortality in young wood grouse, black grouse, and goshawks due to predation. Black grouse infected with coccidia could also be more vulnerable to predators. Endoparasitic infections lead to changes in behavior and choice of habitat, which makes birds more susceptible to hunting (Moore, 2002) . Human presence can also contribute to the spread of parasitic infections in black grouse (Belleau, 2006) . Birds become accustomed to their human carers over time, but despite the above, they are still exposed to considerable stress. According to Siitari et al. (2007) , parasitic infections decrease ornament expression in black grouse, such as red eyebrows in males, which significantly lowers reproductive success. Male lyre length is strongly associated with parasite levels Table 2 . Parasite species and oocyst/egg counts (OPG/EPG) in the analyzed segments of the gastrointestinal tract and prevalence of coccidia species (%) found in black grouse inflicted by goshawk. ( Höglund et al., 1992) , and males with longer lyres have fewer parasites. The above could be attributed to disrupted transport of pigments (carotenoids) in the body, which also decreases reproductive success in the species. Effective treatment of coccidiosis in black grouse has not yet been developed. Sulfonamides are recommended for the treatment of infections in wild animals (Mitchel and Tully, 2008) , but they are more effective in eliminating coccidia from the small intestine than the cecum (Pura, 2013) . In birds, sulfonamides can cause reproductive disorders, inhibit vitamin K synthesis thus impairing blood coagulation, and contribute to bone marrow hypoplasia, agranulocytosis, hematoma, and necrotic changes in the spleen (Pura, 2013) . Sulfonamides can also exert a negative effect on young individuals and commensal gut bacteria which degrade cellulose (Mattis et al., 1946; Frank, 1947) . According to some authors, TOL can also stimulate innate immunity against coccidia in birds (Greif, 2000) .
Metaphylaxis treatments against coccidiosis are highly effective in poultry, and further research is required to investigate their efficacy in black grouse. Tools that support quick determination of immune status have not yet been developed in veterinary practice. Drug resistance in avian coccidia should be determined with the use of the Global Index (GI) method proposed by Stephan et al. (1997) . This technique was used in the presented study to determine the percentage reduction in oocyst counts. Immune prophylaxis could also be used to eliminate drug-resistant coccidia in black grouse. Claeskens et al. (2007) found that TOL offers a viable alternative to inoculation in rotation programs for coccidiosis control. Rotation programs should be applied interchangeably with shuttle programs to minimize the risk of drug resistance. The above approach could be tested in captive black grouse. In this study, toltrazuril was not effective in treating coccidiosis. Further research is required to analyze the efficacy of coccidiostats with a different pharmacological target and mechanism of action.
Toltrazuril is widely used in the treatment of coccidiosis in various bird species. In this study, TOL failed to eliminate the species of coccidia identified in black grouse (FECRT test). Further research is required to investigate influence of coccidian on the health of black grouse.
